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Sammanfattning 
Projektet syftar till att bygga upp en mjuk robotgripare som efterliknar mänskliga händer och 

utformar ett slutet styrsystem. Mjuk griparmodell är upprättad med Finite element Method 

(FEM) för att beskriva förhållandet mellan lufttrycksingång och gripar deformation. De bästa 

mjuka gripdimensionerna väljs enligt FEM-modellen och griparen tillverkas sedan med Fused 

Deposition Modeling (FDM) 3D-tryckningsmetod. Vinkelstyrning med sluten slinga innan den 

mjuka griparen berör objektet används för att säkerställa ett exakt grepp. En kamerasensor 

används för att erhålla böjningsvinkeln och en tryckregulator appliceras för att tillföra 

lufttrycket. En experimentplattform med sluten slinga är byggd baserad på en proportionell-

integrerad (PI) styrenhet för att realisera den exakta deformationskontrollen för den mjuka 

griparen. Slutligen utförs grepp om vissa mjuka eller spröda föremål som använder den mjuka 

griparen som en demonstration. 
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Abstract 
This project aims to build up a soft robotic gripper that mimics human hands and design a closed-

loop control system. A soft gripper model is established with Finite Element Method (FEM) to 

describe the relation between air pressure input and gripper deformation. The best soft gripper 

dimensions are selected according to the FEM model and the gripper is then fabricated with Fused 

Deposition Modeling (FDM) 3D printing method. Closed-loop angle control before the soft 

gripper touches the object is used to ensure a precise grasp. A camera sensor is used for the 

acquisition of the bending angle and a pressure regulator is applied to supply the air pressure. A 

closed-loop experiment platform is built based on a proportional-integral (PI) controller to realize 

the precise deformation control of the soft gripper. Finally, the grasp of some soft or brittle objects 

using the soft gripper is performed as a demonstration.  
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NOMENCLATURE 

 

Abbreviations 

FDM Fused Deposition Modelling 

CNT Carbon Nanotube 

SMA Shape Memory Alloy 

PZT Piezoelectric Transducer 

FEM Finite Element Analysis Method 

PI Proportional-Integral 

PID Proportional-Integral-Derivative 

LQR Linear-Quadratic Regulator 

PLA             Polylactic Acid 

sEMG Surface Electromyographic    

DLP Desktop Digital Light Processing 

SCAPAs Sensor-Controlled Antagonistic Pneumatic Actuators 

P.T.F.E Polytetrafluoroethylene 

TCP  Transmission Control Protocol 

IP Internet Protocol 

PWM  Pulse Width Modulation 

GPIO General-purpose input/output 
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                      1  INTRODUCTION 

This chapter describes the introduction, the background, the purpose, the methodology 

and the limitations in the presented project. The chapter also shortly explains what is 

soft robotic hand, the statement of the research status and the problems existing now, 

then provides the research question. 

1.1 Background 

Soft robotics is a new type of robot which is made of soft materials such as dielectric 

elastomer or shape memory polymers [1]. It has received a lot of attention in many 

areas because of its unique advantages. Compared with traditional rigid robots, soft 

robots are more flexible and more capable of manipulating small or fragile objects. At 

the same time, soft materials can act as absorbers or buffers during the collision, which 

means it is safer for human to interact with soft robots. Also, soft robots can perform 

some difficult actions like bending, wrinkling and twisting, which cannot be done by 

the rigid robot since the limitation of the degree of freedom [2]. Because of the 

advantages mentioned above, soft robots have been widely used in medical and 

manufacturing fields in recent years [3]. 

As an important branch in the field of soft robotics, the soft robotic gripper has attracted 

extensive attention of scholars and institutions all over the world due to its potential 

application value in many fields. It can be used as surgical tools to handle objects [1,4,5] 

or manipulate objects under specific conditions [6]. Soft robotic grippers can help 

people to accomplish some tasks that they cannot operate by their own hand. 

The fabrication and controllability of soft robot hands are two main concerns [7]. 

Complex fabrication process often limits the geometry, time efficiency and the 

manufacturing quality. Poor controllability leads to undesired movement. Scientists 

have been working hard to explore new fabrication methods and improve the 

controllability of soft robotic gripper. 

Molding is a very traditional and common method for fabricating soft robots [8,9]. 

However, molding process cannot always guarantee the consistent manufacturing 

quality and is time-consuming. Furthermore, molding process is limited by its geometry 

and the design freedom [4,10]. There is an increasing trend of using additive 

manufacturing for the fabrication process. Scharff et al. [4] from Delft University of 

Technology presented toward behavior design of three-dimensional printed soft robotic 

hand. They integrated actuators, sensors, and structural components into a single 

product using Selective Laser Sintering. Yap et al. [2] in Singapore did research about 

high-force soft printable pneumatics for soft robotic applications. They studied a novel 

technique for direct 3D printing of soft pneumatic actuators using 3D printers based on 
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fused deposition modelling (FDM) technology. However, in all the aforementioned 

work, the effect of the printing materials, the design and printing parameters are not 

considered, which have a big influence on the prototype performance. 

At the meantime, in order to make the hand more controllable, researchers are also 

integrating sensors in soft robots to acquire the deformation and feedback force from 

the soft robots. Dang et al. [1] reported integrating a strain sensor based on carbon 

nanotubes (CNTs) to an advanced soft robotic finger. The CNT strain sensor is 

integrated with a soft robotic finger to monitor the bending for real- time kinesthetic 

tactile feedback. She et al. [5] designed an embedded shape memory alloy (SMA) 

actuator and a piezoelectric transducer (PZT) flexure sensor for a soft humanoid robotic 

hand. However, little attention has been paid to the feedback control of the deformation 

of the soft robots, which results in a poor performance in the real-time regulation of the 

system. The closed-loop control of soft gripper still needs more study. 

In the control part, Bilodeau et al. [16] use simple finite element analysis models to 

predict the performance of a soft hand and use a simple control strategy to achieve 

closed-loop control of the curvature. The controller they used is too simple and 

additional controllers are needed to optimize timings and gains. Zhao et al. [9] 

demonstrated a new design for a multi-finger soft hand and the hand achieves the 

desired shapes and the required forces in their paper. However, they only applied a 

certain force value. A feedback controller is still needed to ensure that the grasping 

process can be carried out safely for delicate objects. 

1.2 Research Question 

This project focuses on modeling a soft robotic gripper system with Finite Element 

method (FEM) and fabricating the soft robotic gripper using a 3D printer. A pneumatic 

actuated soft robotic finger is made in this project. The robot finger is integrated with a 

pneumatic camera sensor to provide the feedback signal. The computer vision method 

will be used to implement the closed-loop angle control of the gripper and a PI 

controller will be used during the project. 

Compared with the traditional control system, the input of the soft robotic gripper is the 

pressure from the pneumatic pump, and the feedback is the finger deformation. The 

movement of the soft robotic gripper poses strict requirements on control methods. Big 

overshoot will break the fragile object, vibration will make the grasp failure, and big 

steady-state error means the desired deformation is not achieved. A proportional-

integral (PI) control algorithm is used to control the angle of the soft robotic joint in 

[10]. So in this project, we implement the PI controller in [10] and then improve the 

control performance. To verify the performance of the developed soft robotic gripper 

and the controller, we use experiments to study research questions. 
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The formal research question is: “How to design and control the soft robotic gripper so 

that it can reliably pick up fragile objects such as eggs?” 

1.3 Methodology 

This project aims to build up a soft robotic gripper that mimics human hands and design 

a closed-loop control system. To study how the input pressure affects the finger 

deformation, models of the system are built with the FEA method. Fabrication of the 

gripper with specific materials use 3D printers is implemented after FEM analysis. 

Angle control before the finger touches the object is needed to make sure a precise 

grasp. A camera sensor is used for the acquisition of the bending angle and a pressure 

regulator is applied to regulate the air pressure. A closed-loop experiment platform is 

built based on a proportional-integral (PI) controller to realize the precise deformation 

control of the soft gripper. Finally, grasp of some soft or brittle objects using the soft 

gripper is performed as a demonstration. 

1.4 Limitations 

Since the fabrication of the soft gripper is time consuming, the majority of this thesis 

work is spent on designing and producing the soft gripper. A limited amount of work 

is dedicated to the control design.   
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                   2  FRAME OF REFERENCE 

A soft robotic hand: design, analysis, Surface Electromyographic 

(sEMG) control, and experiment 

Feng et al. [18] from Northeastern University presented a new structure named three-

stage cavity structure with traditional molding method. The most common way to 

fabricate the soft actuator is pinting the mold with Polylactic Acid (PLA) and curing 

with Ecofelx50 separately for the top part and the bottom part. They also did the FEM 

analysis to simulate the activation of the finger, and finally, they used surface 

electromyographic sEMG signal to control the finger so that the soft robotic hand can 

reproduce the gestures behavior of human. 

 

 

Figure 2.1. Fabrication process of Ecoflex 

High-Force soft Printable Pneumatics for Soft Robotic Applications 

Yap et al. [2] from National University of Singapore presented a novel fabrication 

method for soft robotic hands, printing the soft pneumatic actuator directly with 3D 

printers. Unlike most of the previous articles used in materials and production methods, 

his article made a direct 3D print of NinjaFlex, a kind of soft material made from 

specially formulated thermalplastic polyurethane, instead of Eecoflex30 for casting. 

Figure 2.1 shows the traditional fabrication process of Ecoflex. Directly 3D printing 

eliminates the need for complex casting processes and saves production time. They first 

studied the material properties of the new material NinjaFlex, simulated the soft 

actuator with FEM analysis and studied its mechanical behavior. The relevant printing 

parameters and the printing process are also introduced. After successfully printed their 

finger, they integrated the fingers into a gripper which can grasp and lift heavy objects. 

They made both single-channel and dual-channel actuators which allows the finger to 

bend in different directions. Finally, they showed related applications such as wearable 

hand and wrist exoskeletons. 
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A digital light processing 3D printer for fast and high-precision 

fabrication of soft pneumatic actuators 

Ge et al. [19] from Shanghai Jiao Tong University used a desktop digital light 

processing (DLP) 3D printer to fabricate the soft actuator. The material they used is 

Tangoplus FLX930 which is a kind of photocurable elastomer with Rhodamine B 

(Acros Organics) as photo absorber with mix ratio 1000:3. The printer they used is a 

bottom-up DLP printing system with a DLP projector (Wintech PRO6500) which can 

provide a 385 nm ultraviolet light source. After printing the material successfully, they 

studied the material properties through the tensile test and then used FEM to analysis 

the result. Finally, they printed a micro soft pneumatic gripper. 

 

Figure 2.2. Micro soft pneumatic gripper 

Design for Control of a Soft Bidirectional Bending Actuator 

In the control part, Bilodeau et al. [16] presented a sensor-controlled antagonistic 

pneumatic actuators (SCAPAs). They fabricated the actuator by three steps: sensor 

fabrication, actuator casting and assembly. The conductive fabric was glued between 

two actuators to create the antagonistic bending system and the electronics controlling 

actuation and measure the sensors were attached to the SCAPA. They use an integrated 

capacitive sensor to calculate the current curvature by processing the capacitive signal. 

For closed-loop control, they used the Fixed Rate Quasi-Static and Varying Rate Quasi-

Static controllers with a proportional gain. In this case, the two controllers can 

effectively achieve the closed-loop curvature control of the SCAPA. 
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                          3 IMPLEMENTATION 

This chapter describes the fabrication process, and experimental preparation include 

the material selection, the FEM analysis, the fabrication process, the computer vision 

algorithm, the communication and the system setup.    

3.1 Materials Selection  

Before fabrication, we need to select a kind of material to fabricate the soft gripper. 

This report compares two kinds of materials to fabricate the actuator, Ecoflex30 and 

NinjaFlex. Ecoflex30 and NinjaFlex are both soft materials used for fabricating soft 

actuator. Ecoflex30 is elastomeric silicone material which is too soft to stand the high 

pressure to hold heavy objects. The cure of Ecoflex30 need up to 4 hours, and the model 

need extra design and 3D print in advance, which is time-consuming. NinjaFlex is 

another soft material which can be directly printed by 3D printer. The shore hardness 

is 85A which is harder than Ecoflex30, which means it can stand higher operating 

pressure.   

Ecoflex30 is too soft to withstand large pressures, so the force on the fingers is small 

and cannot stand heavy load. Also, the two-step molding makes the joints easy to break. 

Figure 3.1 shows the soft gripper made from Ecoflex. NinjaFlex overcomes these two 

shortcomings very well. The overall printing makes the performance of the entire finger 

material the same. It is not easy to leak without reconnection, and NinjaFlex is much 

harder than Ecoflex30, which can withstand more operating pressures to lift heavier 

items. Therefore, in the following work, the pneumatic actuator will be made using 

NinjaFlex as the material. 

 

Figure 3.1. Ecoflex soft gripper 
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3.2 FEM analysis 

Different structure parameters and different printing parameters will have a big 

influence on the success rate when printing the actuator. The failure can be classified 

as leakage and blockage. In order to determine a specific structure for the later 

experimental part, it is necessary to study the influence of various structural parameters 

on the deformation effect of the finger, such as the number of air chambers, the diameter 

ratio of the top circle and the bottom circle and the height of the air chambers. For a 

fixed-length pneumatic finger, the number of air chambers is one of the most intuitive 

structural parameters. Firstly, we will think about how the change of the number of air 

chambers will affect the deformation of the fingers. At the same time, the wall thickness 

is also be one of the main factors affecting the deformation effect. Therefore, it is 

necessary to perform simulation before physical printing to determine a suitable 

structure for the subsequent experimental part.This thesis use Inventor to 3D modelling 

of the finger and use Abaqus for the finite element analysis.  

We got the 3D model from the Inventor and then used Abaqus to analysis the bending 

performance. To do the FEM analysis, the first thing is to determine the material 

characteristic. Yap et al. obtained several parameter values for each strain energy 

function such as Ogden, Yeoh, Mooney-Rivlin and the sum of square error was used to 

determine the best constitutive model [2]. The Ogden model proved to be the best 

constitutive model with parameter values N = 3, a1 = 0.508, l1 = -30.921 MPa, a2 

=1.375, l2 = 10.342 MPa, a3 = -0.482, l3 = 26.791 MPa. Since this thesis project is not 

focused on the material properties, the experiment will not be mentioned in this report.   

During the analysis, we used solid tetrahedral quadratic hybrid elements (Abaqus 

element type C3D10H) to model the components, which is also illustrated in Yap’s 

paper. The constraint is ENCASTRE boundary. We simulated the deformation of 

different structures under different pressures in turn. Figure 3.2 shows the analysis 

result and shows the deformation under 1 bar and 2 bars. 
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Figure 3.2. FEM bending behaviors under 1 bar and 2 bars 

This thesis will use the control variables method to explore the effects of different 

structural parameters on finger performance. In the case of ensuring other parameters, 

such as the total length, the diameter ration of the top circle to the bottom circle, and 

the center distance between the top circle and the bottom circle are the same, we 

changed the number of air chambers, the wall thickness and the distance between the 

wrinkles and the bottom respectively to explore the effects of structural parameters on 

deformation effects.  

 

Figure 3.3. Structure Parameters 

3.2.1 Influence of Air Chambers  

Firstly, we will study the effect of the number of chambers on the degree of bending, 

as Figure 3.3 shows. We should guarantee the total length and the diameter ratio same. 

By changing the radius of the top and bottom circles at the same time, the size of the 
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chamber is changed to realize different chamber numbers. We increased the number of 

air chambers from 9 to 19 and gave the air pressure with 1 atmosphere and 2 

atmospheres. It can be seen from Figure 3.4 when the number of air chambers increases, 

the angle of deformation also increases. However, when the number of air chambers 

increases to a certain extent, the angle of defromation gradually decrease.  

 

Figure 3.4. Influence of air chambers 

Therefore, we can conclude that for a certain length of the finger, the increase in the 

number of air chambers will increase the degree deformation of the fingers to a certain 

extent. However, when the number of air chambers increases to a certain extent, the 

proportion of the increase in the angle change becomes smaller and tends to be constant. 

In this way, continue to increase the number of air chambers only complicates the 

structure and consumes materials. Thus, excessively increasing the number of air 

chambers is not the best choice. 

3.2.2 Influence of Wall Thickness 

The wall thickness will directly affect the success rate of the printer finger. The thin 

wall thickness will lead the finger leaking, and a thick wall will have a bad influence 

on bending performance. So a proper wall thickness is a key to success of the pneumatic 

finger. This thesis simulates the fingers of different wall thicknesses, from 1.1mm to 

1.8mm, the results are shown as Figure 3.5. 
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Figure 3.5. Influence of wall thickness 

According to the result, it can be clearly seen that the bending angle of the finger 

becomes smaller by the increase of the wall thickness. However, if the wall thickness 

is too thin, the probability of finger leakage will increase, and the leak point will 

increase. Figure 3.5 shows that fingers with thicknesses of 1.1 mm, 1.2 mm and 1.3 mm 

are printed in sequence. It was found that when the wall thickness is less than 1.3 mm 

the finger leaks seriously and can hardly bend normally. When the thickness is greater 

than 1.3 mm the leakage of the finger is obviously improved, and the deformation 

changes obviously with the air pressure. Therefore, in order to achieve a better bending 

effect, the wall thickness should be minimized while ensuring the success rate. 

3.2.3 Influence of Gap Distance 

The distance from the pleat to the bottom affects the longitudinal distance of the finger. 

Too large a gap will make the bending amplitude smaller, and the minimum gap is 

determined by the printing accuracy of the 3D printer. Therefore, this thesis also 

simulates and analyzes different gap distance models. Increasing the gap distance from 

0.3mm to 0.8mm, it can be observed from Figure 3.6 that the bending angle of the finger 

becomes smaller, but the degree of variation is not obvious. We can conclude that the 

distance from the fold to the bottom has less effect on the degree of finger deformation. 

Therefore, in order to make the deformation effect good during the experiment, choose 

the minimum distance 0.3 mm as the final distance. In Figure 3.6, when the gap distance 

is 0.5 mm, the simulation result is different from the angle reduction trend. However, 

after multiple simulations, the same result is obtained, so it is regarded as a singular 

point. 
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Figure 3.6. Influence of gap distance 

There are many other structures and printing parameters that affect the printing results 

such as the longitudinal distance between the top and bottom circles, the radius ratio of 

the top and bottom circles, the fill pattern and density and so on. This thesis report will 

not do too many researches on other parameters. According to the analysis above, the 

final printed structure is 19 air chambers with a wall thickness 1.3mm, and the gap 

distance is 0.3mm whit 100% filling density. 

3.3 Fabrication Process 

3.3.1 3D Printing Process 

After the material has been chosen and the FEM analysis, this section will focus on the 

production process. The NinjaFlex will print directly to fabricate the finger. After the 

FEM analysis, the proper finger structure has also been decided, which has 19 air 

chambers and the wall thickness 1.3mm. The 3D model used for 3D printing is shown 

in Figure 3.7. 
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Figure 3.7. 3D Inventor model 

In this thesis work, a standard 3D printer (Prusa-MMK3) is used to print the actuator. 

The key print parameters are as follows. 

 

Table 3.1. Printing parameters 
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The printing process is shown on Figure 3.8. Directly printing of soft materials greatly 

reduces the time and steps of the entire production process and increases the 

repeatability. A whole print process will cost about 8 hours now since the print speed 

is slow. 

  
 

 

Figure 3.8. Printing process 

It is noticed that drawing problem is caused by nozzle travel, and the drawing through 

the printing structure causes the air chamber to be stuck by the printing wire. By placing 

the model on the bottom when printing, the drawing is reduced. At the same time, the 

wire that passes through the outer wall can also cause finger leakage. Since the drawing 

phenomenon is unavoidable, the drawing should be as far as possible be outside of the 

range of the air chamber to reduce the printing failure caused by drawing phenomenon. 

So put the model at the bottom of the bed can effectively reduce the drawing to get a 

better printing result. 
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The printing result is shown in Figure 3.9. The total length of the finger is 150mm, the 

width is 25mm and the height is 15mm.   

 

 

Figure 3.9. Printing result a) The length is 150mm and the width is 25mm b) The height is 15mm 

3.3.2 Sealing Process 

After printing, the finger needs to be connected with the pneumatic device. Epoxy 

adhesive (Loctite EA 3430) is used to seal the finger and the windpipe, which takes 4 

hours to dry. P.T.F.E tape (NASTRO P.T.F.E) is also used to seal the joint. A good seal 

is one of the keys to the success of the finger without leakage. The sealed finger is 

shown in Figure 3.10. At this point, one finger is finished and can be deformed by 

connecting to the compressed air. 

 

Finger 3.10. 1. Finger 2. Epoxy adhesive 3. P.T.F.E tape 4. Air tube 

1 2 4 3 
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To grab the object, at least three or four fingers are needed. We need to repeat the 

printing and sealing process to get more fingers. After getting enough fingers, a holder 

is printed to assemble multiple fingers together. Design a simple holder, and print it 

with the 3D printer. After printing, assemble the holder and finger to get a simple soft 

gripper to grab the object, as shown in Figure 3.11. 

 

Figure 3.11. 3D Printed Soft Gripper 

3.4 Computer Vision Algorithm 

To achieve the closed-loop angle control of the finger system, it is necessary to quickly 

and accurately identify the finger angle in real time and transmit the angle signal to the 

control system as the feedback. Therefore, an image processing algorithm is needed to 

identify the angle and transmit the angle. 

The angle detection program is mainly divided into two parts, image capture and angle 

calculation. The image capture is to obtain the current image by using the camera. The 

angle calculation is to calculate the current angle by using an algorithm after the image 

has undergone certain preprocessing. In order to increase the speed of the operation, the 

program runs on the computer instead of the Raspberry PI. 

The angle recognition program is written using the OpenCV package in Python3. To 

assist the identification, the current algorithm marks three circles in the top, middle and 

the bottom of the finger separately. When the system recognizes the boundary of the 

three circles, the gravity center of the circle is calculated, and three points will be 

obtained. According to the circumscribed circle of the three-point fitting, the central 
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angle corresponding to the arc formed by the three points is calculated as the current 

angle. 

 

 

Figure 3.12. Computer vision process left: original picture, right: Edge detect 

 

Figure 3.13. Angle calculation 

The image processing itself was performed through 6 major steps: Convert to Grayscale, 

Image Smoothing, Image Thresholding, Canny Edge Detection, Contour Detection and 

Calculation. After capturing the image from the camera, the algorithm need to convert 

the color image to grayscale to continue the process. After image smoothing and image 

thresholding, the algorithm will detect the edge use the Canny Edge Detection function. 

Finally, the counter detection function will save the boundary points and continue to 

calculate the angle. 

 

The accuracy of limiting angle measurements is primarily determined by camera 

resolution and edge detection accuracy. The environment and lighting during the 
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experiment can cause slight fluctuations in the angle detection, and a filter is added to 

the algorithm to mitigate this effect. 

3.5 Communication  

After the angle calculation is completed, the communication problem between the 

computer and the Raspberry PI is studied. In order to reduce the program running time, 

the angle recognition algorithm runs on the computer, and the control algorithm runs 

on the Raspberry PI, then the communication problem between the two needs to be 

solved. A sending thread is added to the angle recognition program, and the receiving 

end is added to the Raspberry PI. The angle transmits to the Raspberry PI in the form 

of characters through the TCP/IP protocol.  

 

 

Figure 3.14. TCP/IP receive Simulink block 

Figure 3.14 shows the TCP/IP receive settings. The remote IP port is defined in the 

computer vision algorithm. The address is the sender address, which is the program 

running terminal address, means the computer address in this article. The computer and 

the Raspberry PI are in the same local area network. 

There are three reasons for limiting the transmission time, and the sampling frequency. 

The first is the camera’s capture limit, the second is the algorithm’s running time and 

the third is discrete system communication time difference. The camera can only get 

one frame every 30ms. Also, the program calculation itself takes about 15ms. Finally, 

the angle recognition algorithm is running on the computer, but the control system 

needs to run on the Raspberry PI, which causes the receiving end can only get the angle 
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calculated by the last program run. The above three aspects will cause a delay of 

approximately 60ms at the receiving end. In this paper, the delay has been reduced from 

180ms to 60ms by running the algorithm on computer instead of the Raspberry PI and 

coordinating the sampling time. This delay can be reduced in the future by using a 

higher performance camera and changing the transmission method. 

3.6 System Setup 

After the first two sections of the soft finger production and simulation, it is needed to 

build a complete experimental system to test and continue the study. This section will 

introduce the construction of the experimental platform. 

3.6.1 Pneumatic Part 

The power source of the whole mechanical finger is pneumatic pressure. For the air 

pressure part, the gas from the origin air pressure source is first connected to the 

pneumatic proportional control valve (Festo VEAB-L-26-D9), which is controlled by 

voltage, supplied with 24V voltage for input. With a voltage of 0-10V, the pneumatic 

proportional valve can supply a proportional pressure from 0 to 6 bar. The air from the 

air supply pipe is regulated by the proportional valve and is passed through to the finger 

and an electronic pressure sensor. The electronic pressure sensor, also from Festo 

(SPAU-P10R-H), is powered by a 24V power supply and can read the current pressure 

directly on the screen. 

For the control signal of the pneumatic proportional valve, the experiment will use the 

Raspberry PI to provide a voltage signal. Simulink can be used to control the Raspberry 

PI by generating the PWM signal at the specified GPIO port. The highest voltage that 

Raspberry PI can supply is 3.3V, corresponding to 2 bar pressure, which is enough for 

the soft finger. Both the valve and the electronic pressure sensor have analog feedback 

signals, but the analog feedback signal is voltage. The voltage signal read by the 

Raspberry PI external analog and digital signal conversion board is unstable, which will 

cause the control signal to be unstable. Therefore, during the experiment, the feedback 

signal is not introduced into the control link. In order to obtain accurate control of the 

relationship between the PWM signal and the input voltage, it is necessary to calibrate 

the proportional valve before the experiment, so that the pressure of each experiment is 

accurately controlled. 

3.6.2 Experimental Platform Setup 

After the implementation of each part of the system, the various parts need to be 

integrated to form a complete experimental system. The current system consists of a 

camera and image recognition part, a pneumatic and signal transmission part and a soft 
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finger part. The existing three parts are integrated to form a complete experimental 

platform for further experiments. 

The whole system is powered by air from the pipeline and the air is connected to the 

proportional valve. The proportional valve outputs a certain air pressure under the 

control of the electrical signal from the Raspberry PI, and then the air pressure is 

connected to the soft finger. For the angle recognition part, the algorithm is written by 

Python and runs on the computer. The program obtains the angle, transmits the angle 

character to the Simulink (Raspberry PI) through the TCP/IP protocol. The algorithm 

compares current angle with the reference angle, converts the difference signal into a 

voltage signal through the controller and transmits it to the valve again. In this way, the 

system adjust the output air pressure of the valve to realize the closed-loop control of 

the angle. 

For the soft finger that has already been made, we need to print a holder by 3D printing 

to fix it on the shelf. At the same time, the camera is fixed at the other end of the shelf, 

and the distance is manually adjusted to make the computer vision angle recognition 

program run smoothly as Figure 3.16 shows. 

 

 

Figure 3.16. Camera setup 
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The whole system is shown in Figure 3.17, where the power supply is used to supply 

24V voltage to power the valve and sensor. 

 

Figure 3.17. Complete experimental system 1. Valve 2. Sensor 3. Raspberry PI 4. Power Supply 5. 

Finger and Camera 

The block diagram of the open-loop Simulink system is as Figure 3.18. The upper part 

is the control of the valve. According to the required pressure, the input is the voltage 

signal corresponding proper air pressure according to the characteristics of the valve 

and transmitted to the Raspberry PI in the form of PWM wave in the specific pin. The 

following part is the angle receive part. The angle recognition Python program runs on 

the computer. After obtaining the angle value, the value is transmitted to Simulink 

(Raspberry PI) through the TCP/IP protocol. The angle is displayed on the display block 

after simple digital processing.  

 

Figure 3.18. Open-loop Simulink block 

1 2 

3 

5 4 
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In the open-loop system, the system input is the ideal air pressure value, and the system 

output is the actual bending angle of the finger. The input and output curves are shown 

in Figure 3.19. The given signal in Figure 3.19 is a pressure input of 0.6 bar. The air 

pressure is magnified 100 times when drawing for observation. 

 

Figure 3.19. Open-loop pressure-angle response curve 

To control the angle, a feedback part and a control part are needed. The input changes 

to the target angle value, and the read angle signal is the system feedback. After the 

difference calculation, the correct control part is added to achieve closed-loop control 

of the angle. 

 

Figure 3.20. Closed-loop Simulink block 

The whole Simulink control blocks are shown in Figure 3.20. The reference angle is 

used as the system input. Then the block calculates the difference between the reference 

angle and the feedback. The difference enters the PI controller. The output of the PI 

controller is the pressure value required to reach the predetermined angle, and then the 

air pressure value is converted into the corresponding voltage value to transmit to the 

designated pin of the Raspberry PI as the PWM wave form to control the output of the 
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valve. The angle recognition program runs on the computer, obtains the angle and 

transmits the angle to Simulink (Raspberry PI) through the TCP/IP protocol. After the 

digital processing, the feedback angle signal is compared with the starting angle 

reference to form a closed-loop system of error feedback control. 

After the initial setup of the system is completed, a set of PI parameters are randomly 

given to make the whole system work. At first, we try to set the PI parameter to P=0.01, 

I=0.02, D=0. The control result is shown in Figure 3.21. In the Figure, we can see that 

the real-time angle can follow the angle reference, which means the system can perform 

angle closed-loop control. However, the control effect needs to be improved, and the 

model will be identified, and the controller will be designed in later chapters. 

 

Figure 3.21. Closed-loop angle control response curve 

At this point, all the construction work of the system is completed. 
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                                  4  RESULT 

4.1 Result Comparison 

After setting up the experimental platform, firstly we compared the previous simulation 

results with the experimental results. Figure 4.1 shows the bending deformation of the 

fingers at the pressure 0.8 bar, 1 bar, 1.2 bars, 1.4 bar,s 1.6 bars and 1.8 bar. It can be 

seen that the actual bending trend of the finger in the actual experiment is basically 

consistent with the simulation result. 

 

 

 

Figure 4.1. Simulation and experimental result comparison 
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The above comparison is an intuitive angle comparison, but the initial angle of the 

finger is not zero during the experiment. Because of the memorability of the material, 

there is still an initial angle of about 20 degrees when the finger is at zero pressure. 

Therefore, the actual deformation angle of the finger in the experiment is the final angle 

minus the initial angle. 

In order to verify the relationship between the experimental results and the simulation 

results, the deformation angles of the two at various air pressures are accurately 

calculated. 

 

Figure 4.2. Simulation and experimental result comparison 

As can be seen in Figure 4.2, the experimental result trend follows the simulation results, 

but there is a fixed difference between the two. The possible reasons are as follows: 

 There is a leak in the printed real finger. As the printing process is 

not perfect, the finger may still have a slight air leak, which affects 

the degree of finger deformation. 

 There is a difference between the two angle measurement methods. 

In the simulation, the marked point is at the bottom of the finger, 

but the marked point in the experiment is in the side of the finger, 

which results in different simulation results and experimental 

results. 

 There are subtle differences in material properties. The material 

properties used in the current simulation are these in Yap’s paper 

[16]. Under different printing conditions, there might be slight 

differences in material properties, resulting in a difference between 

the simulation and experimental results. 
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Due to the above reasons, there is a certain difference between the experimental results 

and the simulation results, but the overall trend is the same and the relationship is 

certain. After determining the relationship between the two, the simulation results can 

predict the experimental results. 

4.2 Model Identification 

In order to realize the closed-loop angle controller design of the system, we need to 

obtain the system model at first. We need to obtain the relationship between the input 

pressure and the output angle and the transfer function of the system to carry out the 

controller design. Using the experimental platform that has been set up, the different 

input pressures of the system are given and the curves of the angles under different 

pressures are obtained respectively. 

After calibrating the valve, we gave an input air pressure, used the computer vision 

program to obtain the finger bending angles, transfered the angle to Simulink and 

finally saved to matlab workspace. 

For the model identification of the relationship between air pressure and angle, 

experiments were carried out by using pressure 0.6bar, 0.8bar, 1.0bar, 1.2bar,s 1.4bars, 

and 1.6 bars respectively. The obtained angle response curve as Figure 4.5 shows. 
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Figure 4.5. Angle response curve under different pressures 

Figure 4.5 is the response curve of the angle under different input pressures. Because 

the pressure range is 0-2 bar, which is too small to be observed, so the pressure is 

magnified 100 times in the figure. Figure 4.6 puts six response curves together, it can 

be seen that the angle response curves are very similar under different pressures, so we 

guess the system may be a linear system. 

 

Figure 4.6. Different angle response in one figure  

To verify the guess, the experimental data needs to be normalized. We divided the angle 

by the pressure to obtain the angular response at unit pressure and draw it into one 

figure. 
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Figure 4.7.  Normalized angle response curve and Linear system verification 

We plotted the relationship between the steady-state angle obtained at different 

pressures and the pressures, which is the DC-gain of the system as Figure 4.7. The red 

triangles are the experimental data point and the blue line is the line fitted according to 

the experimental points. It can be considered from the fitted straight line that the system 

is a linear system. Although the fitted straight line does not pass through the origin, the 

intersection with the y coordinate axis is 10.81, which may be caused by the angle 

recognition error or the system own error, we would say the system linearity is not so 

good. For the convenience of later research, we still consider the system as a linear 

system. 

After a preliminary analysis of the system, experimental data is used to obtain the 

system model. The experimental data under six pressures were averaged to obtain the 
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average data for model identification. Then we used the Matlab function ‘tfest’ to fit 

the transfer function. In this paper, the first, second, third and fourth order transfer 

functions are fitted in turn. The fit data are as shown in Table 4.1. We gave a step 

response to the fitted system transfer function and compared to the average curve as 

Figure 4.8 shows.  

Table 4.1. Different orders transfer function fit result 

 

 

Figure 4.8. Different orders transfer function fit result 

Table 4.1 and Figure 4.8 show that the first-order fitting effect is not so good, the fitting 

matching degree is only 55.9%, which means the coincidence degree of two curves is 

only 55.9%. As the fitting transfer function order increasing, and the fitting matching 

degree is gradually increased, and the second order is 90.4%, the third order is 91.02% 

and the fourth order is 94.85%. Since the real system is not complicated and from the 

second order upwards, each additional order does not increase the fitting matching 

degree so much. Therefore, for the convenience of experiment, the second order system 

is adopted for transmission. The function acts as a system transfer function. 
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Therefore, the system is defined as a second-order system and the discrete transfer 

function of the system is 

2

11.87z-11.8
( )

1.88 0.8809
G z

z z


 
 

Sample time is 0.02ms. 

4.3 Closed-Loop Controller  

In order to make the system reach the desired angle quickly and accurately, it is needed 

to add the appropriate controller to the system. The system is used to perform angular 

closed-loop control of the system. The overshoot of the system can cause fingers to 

break the gripping object. At the same time, fingers are expected to grab the object as 

quickly as possible. Therefore, the control objective of the system is to increase the 

reaction speed, that is, reducing the rise time as much as possible without overshoot. 

 

Figure 4.9. Discrete system simulation 

For the selection of PI parameters, we use the discrete transfer function to build a simple 

error feedback system. Firstly, we simulated the system, obtain several sets of suitable 

PI parameters, and then use the experimental platform to verify the control effect. 

The derivative part will cause system unstable under certain circumstances, so the PI 

controller is used to control the system. During the experiment, the following sets of PI 

controller data were obtained. 

We want to increase the system response speed compared with the initial PI controller. 

Firstly, we tried a set of control parameters with overshoot. We used the auto-tuning 

toll in Simulink to adjust the PI parameters. In Figure 4.10, the dotted line is the 

previous control result, and the solid line is the current control result. It can be seen that 

the system is obviously accelerated, the rise time is changed from 1.62s to 0.18s, and 

the settling time is also changed from 4.76 to 0.44. At this moment, P is 0.014, and I is 

0.11. 



30 
 

 

 

 

 

 

Figure 4.10. PI controller with overshoot 

Then we tried to apply P=0.014 and I=0.11 to the actual finger system. The result can 

be observed in Figure 4.11. The red line is the actual system response, the blue line is 

reference angle, and the green line is the response of the transfer function. It can be 

seen that the small overshoot in the transfer function causes a large overshoot in the 

actual system, and when the angle reaches a certain value, the system will have an 

oscillation. Therefore, a PI controller with overshoot is not suitable for the actual system. 

 

Figure 4.11. Real system response with overshoot 
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The next step is to try to reduce overshoot. The same dashed line is the previous 

controller parameter result, and the solid line is the current parameter result. The 

corresponding PI parameters are as follows. The PI parameters are p=0.0074, I=0.0455, 

D=0. Using this set of PI parameters, the system rise time is slightly increased to 

0.44seconds, and the settling time is increased to 1 second. However, it is still within 

the acceptable range, rise time less than 1 second. At the same time, the system has no 

overshoot. 

 

 

Figure 4.12. PI controller without overshoot 

After the simulation, the controller is implemented to the actual experimental platform 

to obtain an angle output curve. It can be seen from Figure 4.13 that the actual system 

follows the simulation model without overshoot, there is a slight shock after 

stabilization, but the rise time and settling time are acceptable, less than 1 second which 

means the finger can act sufficiently fast. 
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Figure 4.13. Real system response without overshoot 

 

Figure 4.14. Real system response without overshoot detail 1 

 

Figure 4.15. Real system response without overshoot detail 2 

1 

2 
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Finally, a slower controller is tried to observe the control result. The controller 

parameters are shown in Figure 4.16. Evidently the rise time is 1.14 seconds and the 

settling time 4.08 seconds, which is much slower than before. 

 

 

 

Figure 4.16. A slow PI controller 

The following is the response curve of the system. Figure 4.17 shows that the actual 

system follows well and is better than the previous two. However, the rise time is 1.14s, 

and the settling time is 4.08s. At this point, the system follows very well, but the 

response is too slow, which is not fast enough for grabbing objects. 



34 
 

 

 

 

 

Figure 4.17. Real system response with slow controller 

 

 

Figure 4.18. Real system response with slow controller 

 

It can be seen from the above three sets of experiments that when the simulation model 

has an overshoot, the actual system will have more overshoot, and the oscillation will 

be severe. The big overshoot and oscillation should be avoided when grabbing objects. 

However, if the system wants to follow well, the rise time is too slow which means the 

system does not respond quickly. The experimental goal also hopes that the finger can 

grasp the object quickly and accurately. Therefore, the second case is more in line with 

the experimental expectations, in the absence of overshoot, the system response is as 

well as possible while reducing the error and shock to a certain extent. 
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4.4 Object Grasping 

For the results of the grab part, we used the 3D printed holder to assemble the printed 

fingers. Figure 4.19 shows the object is grabbed when the air pressure is small. And 

Figure 4.20 shows the gripper embrace the object when the pressure is big.  

 

Figure 4.19. Grasp egg and apple under small pressure 

According to the research question, the eggs and apples were respectively captured. 

The gripping effect is mainly related to the design of the holder. In this paper, the holder 

is larger and the fingers are longer, so the middle spacing is larger, which tends to cause 

small objects to roll out. The size of the holder should be appropriately reduced to adapt 

to different sizes of objects. 
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Figure 4.20. Grasp egg and apple under big pressure 

After the experimental platform is built, the formal experimental part is carried out. The 

experimental part is divided into two parts: model acquisition and controller design. 

The model acquisition is to obtain the relationship between the bending angle of the 

finger and the input pressure through multiple experiments. The angle is acquired by 

the camera and computer vision program, the pressure is read from an electronic 

pressure sensor. Record the experimental data multiple times and fit the system model 

using Matlab.  
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                            5  CONCLUSIONS 

In this paper, the research question is “How to design and control the soft robotic 

gripper so that it can reliably pick up fragile objects such as eggs?” This thesis answered 

the question in design, control and grasp three parts. We designed a proper structure of 

the finger, printed a soft gripper with 3D printer directly and realized the closed-loop 

angle control of one finger with a PI controller. Finally, we used the gripper to grasp 

eggs and some other objects. 

To answer the research question, the experiment is divided into five parts, material 

selection and soft gripper fabrication, Finite Element Analysis, angle recognition and 

communication, pneumatic and experimental platform construction and controller 

design part. 

First, in the material selection and printing section, the advantages and disadvantages 

of the two materials Ecoflex30 and NinjaFlex and the way of making them are 

compared. Ecoclex30 is too soft and time-consuming to cast, but NinjaFlex can be 3D 

printed directly, making the process simple and convenient. The final choice is 

NinjaFlex, as the raw material for the finger. During the printing process, each printing 

parameter is refined, and the success rate of printing is improved. After printing, the 

P.T.F.E tape is sealed with an adhesive to attach to the air tube to complete the process 

of making a single finger. And the finger holder is also printed by 3D printer so that 

multiple fingers can be combined to grab the object. 

In the FEM analysis part, the fingers of different structures were modelled by inventor 

and simulated by Abaqus. Referring to the definition of ninja material properties in the 

article of Yap [2], the finite element analysis under different pressures was carried out 

on the fingers of different structures. According to the results of finite element analysis, 

the influence of the internal structure of the finger on the bending deformation is further 

analyzed. For example, the more the air chamber is deformed, the thinner the wall 

thickness will affect the success rate, and the bottom gap has less influence on the 

deformation. Moreover, the thesis determine the shape of the finger structure that will 

be used in this article, to lay the foundation for the next print. 

For the Angle recognition and communication part, the thesis used Python to write an 

angle recognition program. The camera can read the bending angle of the finger in real 

time and transmit it to the Raspberry PI through the thread. The main reasons for the 

delay are the program execution time, the camera frequency, and the delay caused by 

the communication. The Simulink program is run on the Raspberry PI to control the 

pneumatic valve and receive angles. 

The construction of the pneumatic and experimental platform will complete the entire 

experimental system. The compressed air is connected to the finger under the control 

of a pneumatic valve. The holder is printed to fix the camera and the finger, and the 

optimum distance of the machine program is adjusted. The Raspberry PI is used to 
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provide electrical signals to the valve, receive angles and run the entire control program. 

The entire experimental system is built and the angle closed-loop control can be initially 

carried out. 

 

For the experimental results part, the simulation results were compared with the 

experiment results. The result shows the two results are basically consistent. For the 

high pressure part, the experimental results are slightly different from the simulation 

results. The preliminary speculation is caused by a slight leak of the fingers. After that, 

the finger was gripped and tested, and it can be seen that the finger can grab a variety 

of objects, including fragile objects. 

In the final control part, the model identification was first carried out on the system. 

The system was proved to be a linear system and its transfer function was accquired. A 

PI controller was designed using discrete transfer functions. For the entire system, three 

different sets of PIs were tried and the control results were analyzed. Small overshoots 

in the simulation can cause large overshoots and vibrations in the actual system. 

Therefore, it is necessary to speed up the system response as much as possible while 

avoiding overshoot. 
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                          6  FURTHER WORK 

 

For the material selection and production part, in addition to NinjaFlex and Ecoflex, 

there are a variety of materials that can be used to make soft hand. Several materials 

can also be mixed to change the material properties to make it more suitable for soft 

robots. At the same time, we can also improve the production method of Ecoflex. At 

present, the failure rate of Ecoflex is high due to the two production methods. Therefore, 

the success rate of the cast production method can also improve the success rate of 

Ecoflex. 

In the printing section, there are still many aspects for improvement. For example, there 

is still a leak on the gripper, and the printing parameters can be changed to reduce the 

air leakage rate of the finger. At the same time, there are many examples of printing 

failures during the printing process. By adjusting the printer, the success rate of printing 

can be increased. The printing time is also one of the points that can be improved. At 

present, the printing speed is slow, and it takes about 8 hours for a single finger to print, 

and the future work can increase the printing speed to reduce the time cost of making a 

finger. 

In the FEM analysis section, only the influence of three structural parameters on the 

bending performance of the finger is currently studied. In fact, there are many 

parameters that can affect the bending effect of the finger, such as the ratio of the center 

of the top circle to the bottom circle, the longitudinal height of the finger, the ratio of 

the height to the width of the finger. The structural parameters can be analyzed in three 

aspects: horizontal, vertical and width. 

Angle recognition and communication part. At present, the angle recognition program 

is not very stable and will be affected by external factors such as light. Moreover, at 

present, only three points are used for the identification, and the angle of the circle 

corresponding to the circumscribed arc of the three-point fitting is calculated. The 

current recognition program angle will have some tremor. In future research, a more 

appropriate method should be found to identify and calculate the angle, making the 

program more robust and less affected by external influences. In the communication 

part, there is still a delay of about 80ms. In the future, the delay problem can be reduced 

by improving the performance of the camera and optimizing the communication 

transmission process. 

In the construction part of the pneumatic and experimental platform, firstly, the 

pneumatic system can increase the signal feedback link to more accurately record the 

current air pressure value. Secondly, the experimental platform can be used for 

reinforcement and improvement. The current power line and the signal line are exposed, 

and PCB boards can be made in the future to make the experiment safer. The fixing 

method of the camera and the finger can also be improved. The current bracket is 
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relatively simple and not very strong, and a more reliable experimental platform can be 

printed or built in the future to make the whole experimental system more complete. 

 

For the grasp part, the current holder design is relatively simple, resulting in limitations 

when grabbing objects. In the future, we can design more complex and reasonable 

holders when integrating multiple fingers, making grabbing objects more convenient 

and firm. 

For the control part of the system, the current experiment only uses error feedback, 

adding a simple PI controller, and the control effect needs to be improved. In the future 

work, we can improve the control effect of the PI controller, we can use more complex 

method such as pole-zero configuration to improve the control result and more complex 

controller can be designed. In practical applications, the control of the force is also 

important. The closed-loop control of the force can be added in the future to make the 

whole system more secure. 
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               APPENDIX A: SIMULINK BLOCK 

Simulink block for closed-loop angle control 
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                          APPENDIX B: CODE 

Code in Computer vision program 

 

1. #!/usr/bin/env python   

2.    

3. # ros   

4. import time   

5. # opencv   

6. import numpy as np   

7. from collections import deque   

8. import cv2   

9. import imutils   

10. #import config   

11.    

12.    

13.    

14. #coding=UTF8 ##--------------------------pi--simulink---------------------   

15. import sys   

16. sys.path.append("/boot")   

17. import time   

18. import threading   

19. import socket   

20. import fcntl   

21. import struct   

22. import uuid   

23. #from grove.i2c import Bus   

24.    

25. ADC_DEFAULT_IIC_ADDR = 0X04   

26.    

27. ADC_CHAN_NUM = 8   

28.    

29. REG_RAW_DATA_START = 0X10   

30. REG_VOL_START = 0X20   

31. REG_RTO_START = 0X30   

32.    

33. REG_SET_ADDR = 0XC0   

34.    

35.    

36. global curCount1   

37. global curState1   
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38. global clienttag1   

39. #global volsampletag1   

40. global relaybuf1   

41. global sensetag1   

42. global count2   

43. global relaystate1   

44. global macaddr   

45. global ipaddr   

46. global num1   

47. #global num2   

48. global getangletag1   

49. global countnum1   

50. ##--------------------------pi--simulink---------------------   

51.    

52. import math   

53. from scipy import optimize   

54.    

55. def f_1(x,A,B):   

56.         return A*x+B   

57.    

58. ##--------------------------pi--simulink---------------------   

59. def Client1ThreadProc(sSock):   

60.    

61.     global num1   

62. #    global num2   

63.    

64.        

65.     BUFSIZ=2048   

66.     dataStr=''   

67.     data=''   

68.     str1=''   

69.     buf1=''   

70.     ret1=0   

71.     closecount=0   

72.     num3=0   

73.     

74.     print('client thread started...\r\n')   

75.     while clienttag1==1:   

76.         closecount=0   

77.         clientSock,addr=sSock.accept()   

78.         print('Received:',clientSock,'from',addr)   

79.         dataStr=''   
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80.         ret1=1   

81.         while ret1==1:   

82.             closecount=closecount+1   

83.             if closecount >=1000000 and ret1==1:   

84.                 break   

85.    

86.             try:   

87.    

88.                num1_1=int(num1/256)   

89.                num1_2=num1 % 256   

90.                if num1_1>255:   

91.                        num1_1=255   

92.                buf1=struct.pack("!BB",num1_1,num1_2)   

93.                clientSock.send(buf1)   

94.               # clientSock.send(num1_2)   

95.             except:   

96.                print('client error!')   

97.                  #continue   

98.                ret1=0   

99.             #print(num2)   

100.             time.sleep(0.010)   

101.         clientSock.close()   

102.         print('client close!\r\n')   

103.         time.sleep(0.01)   

104.     print('client thread completed!\r\n')   

105.     return   

106.    

107.    

108. ##--------------------------pi--simulink---------------------   

109.    

110. def getangle(cap):   

111.    

112.     global num1   

113.     global countnum1   

114.     countnum2=0   

115.     listangle=[0,0,0,0,0]   

116.         

117.     try:   

118.          

119.         while getangletag1 ==1:   

120.             countnum1=0   

121.             #start = time.time()   
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122.             # Capture frame-by-frame   

123.             ret, frame = cap.read()   

124.             # Our operations on the frame come here   

125.             gray = cv2.cvtColor(frame, cv2.COLOR_BGR2GRAY)   

126.             # load the image, convert it to grayscale, and blur it slightly  

 

127.             gray = cv2.GaussianBlur(gray, (9, 9), 0)  # tweak this to "Filte

r" out less distinct contours   

128.             # perform edge detection, then perform a dilation + erosionq to  

 

129.             # close gaps in between object edges   

130.             edged = cv2.Canny(gray, 90, 150)  # could investigate colour det

ection here, but it shouldnt bve necessary   

131.             edged = cv2.dilate(edged, None, iterations=1)   

132.             edged = cv2.erode(edged, None, iterations=1)   

133.    

134.             cnts = cv2.findContours(edged.copy(), cv2.RETR_EXTERNAL,   

135.                 cv2.CHAIN_APPROX_SIMPLE)   

136.             #cnts_array = np.array(cnts)   

137.             cnts = imutils.grab_contours(cnts)   

138.                

139.             x0=[]   

140.             y0=[]   

141.             listx=[]   

142.             listy=[]   

143.             xmin=0   

144.             ymin=0   

145.             part1=[]   

146.             endpoint=[]   

147.             part2=[]   

148.             part1x=[]   

149.             part1y=[]   

150.             part2x=[]   

151.             part2y=[]               

152.             r=10   

153.             for c in cnts:   

154.                  if len(c)>len(cnts[0]):   

155.                          endpoint=c   

156.                          M = cv2.moments(endpoint)   

157.                          if M["m00"]==0:   

158.                             #print('no image')   

159.                             continue   
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160.                          if M["m00"]!=0:   

161.                             endx = int(M["m10"] / M["m00"])   

162.                             endy = int(M["m01"] / M["m00"])   

163.                             

164.             if cnts==[]:   

165.                     print('empty')   

166.                     continue   

167.             for c in cnts:   

168.    

169.                     cv2.drawContours(frame, [c], -1, (0, 255, 0), 1)   

170.    

171.             for c in cnts:   

172.                       # compute the center of the contour   

173.                     M = cv2.moments(c)   

174.                     if M["m00"]==0:   

175. #                            print('no image')   

176.                             continue   

177.                     if M["m00"]!=0:   

178.                             cX = int(M["m10"] / M["m00"])   

179.                             cY = int(M["m01"] / M["m00"])   

180.                             part1.append((cX,cY))   

181.    

182.                     if len(part1)!=3:   

183.                             continue   

184.    

185.                     if len(part1)==3:   

186.    

187.                             dx1=part1[0][0]-part1[1][0]#x1 x2   

188.                             dx2=part1[1][0]-part1[2][0]#x2 x3   

189.                             dx3=part1[2][0]-part1[0][0]#x1 x3   

190.                             dy1=part1[0][1]-part1[1][1]   

191.                             dy2=part1[1][1]-part1[2][1]   

192.                             dy3=part1[2][1]-part1[0][1]#y1 y3   

193.                             a=math.sqrt(dx1*dx1+dy1*dy1)   

194.                             b=math.sqrt(dx2*dx2+dy2*dy2)   

195.                             c=math.sqrt(dx3*dx3+dy3*dy3)   

196.                             x1=part1[0][0]   

197.                             y1=part1[0][1]   

198.                             x2=part1[1][0]   

199.                             y2=part1[1][1]   

200.                             x3=part1[2][0]   

201.                             y3=part1[2][1]   
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202.         

203.                             if abs(dx1)>=abs((dx3)/2):   

204.                                     #print (dx1)   

205.                                     if x2>x1:   

206.                                             arcangle=(c*c+b*b-

a*a)/(2*b*c)#cos(a)   

207.                                     if x2<=x1:   

208.                                             arcangle=(-

c*c+b*b+a*a)/(2*b*a)#cos(c)   

209.                                        

210.                                     #print('c')   

211.                                     #print(dx1)   

212.                                     #print(dx3/2)   

213.                             if abs(dx1)<abs((dx3)/2):   

214.                                     if abs(dy3)>=30:   

215.                                             arcangle=(-

c*c+b*b+a*a)/(2*b*a)#cos(c)   

216.                                             #print('c2')   

217.                                     if abs(dy3)<30:   

218.                                             arcangle=(c*c+b*b-

a*a)/(2*b*c)#cos(a)   

219.    

220.                             #arcangle=(-c*c+b*b+a*a)/(2*b*a)   

221.                             angle=math.acos(arcangle)   

222.                             angle=360-2*angle*180/math.pi   

223.                            

224.                                

225.                     # draw the contour and center of the shape on the image  

 

226.                             angle=round(angle,2)   

227.                                

228.                             if (angle>340):   

229.                                 angle=0   

230.                             circle=cv2.circle(frame, part1[0], 10, (255, 255

, 255), 2)#point1   

231.                             circle=cv2.circle(frame, part1[1], 10, (0, 255, 

255), 2)#point2   

232.                             circle=cv2.circle(frame, part1[2], 10, (50, 50, 

250), 2)#point3   

233.                                                        text=cv2.putText(fram

e, str(angle), (100, 100),   
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234.                                cv2.FONT_HERSHEY_SIMPLEX, 0.5, (255, 255, 255

), 2)   

235.             # Display the resulting frame   

236.             #cv2.imshow('frame',edged)   

237.             #cv2.imshow('frame',text)   

238.    

239.             angle=int(angle*100)   

240.             if angle<900:   

241.                     angle=listangle[(countnum2-1) % 5]   

242.                        

243.    

244.             if countnum2>10:   

245.                        

246.                     if abs(angle-listangle[(countnum2-1) % 5])>7000:   

247.                             #print((x3,y3),(x2,y2))   

248.                             angle=listangle[(countnum2-1) % 5]   

249.                        

250.             listangle[countnum2 % 5]= angle             

251.    

252.             if cv2.waitKey(25) & 0xFF == ord('q'):   

253.                 cap.release()   

254.                 cv2.destroyAllWindows()   

255.                 break   

256.    

257.             num1=angle   

258.             time.sleep(0.01)   

259.             countnum2=countnum2+1   

260.    

261.     except: # KeyboardInterrupt:   

262.         cap.release()   

263.         cv2.destroyAllWindows()   

264.         print ("shut down 2")   

265.         raise   

266.        

267.     return         

268.    

269. def count1():   

270.     global countnum1   

271.    

272.     while True:   

273.         countnum1=countnum1+1   

274.         time.sleep(0.001)   
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275.    

276.     return   

277.    

278. def main():   

279.        

280.     global client   

281.            

282.    ##--------------------------pi--simulink---------------------    

283.        

284.     global relaybuf1   

285.     global clienttag1   

286. #    global volsampletag1   

287.     global getangletag1   

288.     global sensetag1   

289.     global macaddr   

290.     global ipaddr   

291.     global num1   

292.     global countnum1   

293. #    global num2   

294.     maintag1=1   

295.    

296.     macaddr=uuid.UUID(int=uuid.getnode()).hex[-12:]   

297.    

298.     s=socket.socket(socket.AF_INET,socket.SOCK_DGRAM)   

299. #    ipaddr=socket.inet_ntoa(fcntl.ioctl(s.fileno(),0x8915,struct.pack('256s

','wlan0'))[20:24])     

300.    

301.     #num1=511   

302.     #port_num=config.port   

303.     port_num=8088   

304. #    ipaddr=socket.inet_ntoa('192.168.0.105')   

305.     serverAddress=("",port_num)   

306.        

307.     ##--------------------------pi--simulink---------------------   

308.     #loop_period = 0.025 # seconds   

309.     loop_period = 0.025   

310.     motion_count = 10    

311.     motion_period = loop_period * motion_count   

312.     new_obj_x = deque(motion_count*[0], motion_count)   

313.     is_first_capture = 1;   

314.                

315.            
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316.         # ------------- initialize camera -------------    

317.            

318.     cap = cv2.VideoCapture(1)   

319.     count = 0   

320.     ptcount = 0   

321.     serverSock1=socket.socket(socket.AF_INET,socket.SOCK_STREAM)   

322.     serverSock1.bind(('',port_num))   

323.     serverSock1.listen(5)   

324.     clienttag1=1   

325.     client1Thread=threading.Thread(target=Client1ThreadProc,args=(serverSock

1,))   

326.     client1Thread.start()   

327.                

328.    

329.     getangletag1=1   

330.     getangleThread=threading.Thread(target=getangle,args=(cap,))   

331.     getangleThread.start()   

332.    

333.     while maintag1==1:   

334.         print('main thread...\r\n')   

335.         time.sleep(60)   

336.     

337.    

338. ##--------------------------pi--simulink---------------------   

339.    

340.     clienttag1=0   

341. #    sensetag1=0   

342.     #time.sleep(0.1)   

343.     serverSock1.close()   

344.    

345. ##--------------------------pi--simulink---------------------   

346.    

347.    

348. if __name__ == '__main__': main()   
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